Infection with Kaposi's sarcoma-associated herpesvirus (KSHV) is closely associated with Kaposi's sarcoma (KS) and primary effusion lymphoma, with viral genomes present in a latent state in the majority of tumor cells. Here we describe a cluster of latently expressed viral genes whose mRNAs are generated from a common promoter. Two mRNAs in this region encode the latency-associated nuclear antigen, the product of open reading frame 73 (ORF73). The larger RNA, of 5.8 kb, is an unspliced transcript that includes ORF72 and -71 at its 3 end; it initiates at nucleotides (nt) 127880 to 127886 from a promoter lacking recognizable TATA elements. A less abundant mRNA, of 5.4 kb, is a variant of this transcript, in which 336 nt of 5 noncoding information has been removed by RNA splicing. A third, more abundant RNA is generated from the same promoter region via splicing from the common splice donor at nt 127813 to an acceptor 5 to ORF72; this transcript is the presumed mRNA for ORF72, which encodes the viral cyclin D homolog. All three RNAs are 3 coterminal. In situ hybridization analysis with probes that can detect all three transcripts shows that the RNAs are detectable in a large fraction of BCBL-1 cells prior to lytic induction and in >70% of KS spindle cells in primary KS tumors. This confirms that these transcripts are indeed latent RNAs and suggests a role for their products in viral persistence and/or KSHV-associated proliferation.
The genome of Kaposi's sarcoma-associated herpesvirus (KSHV) (also known as human herpesvirus 8) was initially identified by representational difference analysis of Kaposi's sarcoma (KS) tumor samples (3) . It has since been detected in a variety of lymphoproliferative disorders, including body cavity lymphoma or primary effusion lymphoma (PEL) (1) and multicentric Castleman's disease (31) . The epidemiological evidence implicating KSHV as a causative agent for KS is strong. (i) KSHV DNA is detected in virtually all KS tumor biopsies from human immunodeficiency virus (HIV)-positive or HIVnegative patients (20, 35) . (ii) Anti-KSHV seroreactivity is found in Ն80% of KS patients but in less than 6% of healthy blood donors in the United States (10, 12, 19) . Seropositivity for KSHV precedes the onset of KS and correlates with increased KS risk, suggesting that rather than being a correlative marker KSHV is directly involved in KS pathogenesis (8) . The KSHV-specific antibody response includes a strong response to a latency-associated nuclear antigen (LANA) (11, 13, 23) , which is one of the proteins encoded by the KSHV latent messages identified in this study.
On the basis of the complete sequence of the 137-kbp unique region (L) and terminal repeat regions (H), KSHV is classified as a human gammaherpesvirus, the lymphotropic subgroup of the herpesvirus family (22, 29) . All herpesviruses display two modes of replication: lytic replication, during which the host cell is destroyed and viral progeny are released, and latent replication, during which the viral genome persists but shows restricted gene expression and no release of viral progeny (reviewed in reference 28). KSHV conforms to this paradigm as well. In cultured B cells from PEL tumors, the virus genome persists as a circular episome during viral latency and is capable of reactivating and replicating in response to outside stimuli (18, 25, 26) . Only a subset of viral genes are transcribed during KSHV latency (37) . In the distantly related EpsteinBarr virus, the latency-associated genes are essential for episome maintenance and host cell transformation (reviewed in references 14 and 27) . By analogy, important KSHV genes involved in growth deregulation and viral genomic persistence are likely to be found among those transcribed during viral latency.
By preparing labeled cDNA from KS tumors and annealing it to arrays of cloned viral DNA fragments, we previously identified KSHV-specific transcripts emanating from the region of open reading frame K12 (ORFK12) as the most abundant RNAs in latently infected cells (36, 37) . In subsequent experiments, we (11) and others (30) have searched for additional regions of viral DNA likely to be transcribed in latency by probing Northern blots of RNA from uninduced and induced PEL cell lines with probes from different genomic regions, looking for genes that were preferentially expressed prior to lytic induction. This revealed that a region just to the right of ORFK12 is also expressed during latency; this region spans ORF71 to -73. One of the products of this region, that encoded by ORF73, has recently been identified as LANA, the immunodominant latent antigen initially detected serologically (11, 13, 23) . Here we present a detailed analysis of the transcription of this region and show that separate mRNAs encoding LANA and the viral cyclin D homolog are generated from a common latency-specific promoter. Both RNAs are abundantly expressed in KS tumors as well as PEL cell lines. The finding that the viral cyclin is expressed as a latent gene in two neoplastic conditions suggests a role for this gene product in the pathogenesis of the abnormal proliferation observed in KSHV-associated diseases.
MATERIALS AND METHODS
Cell lines. All cell lines were from the American Type Culture Collection. HeLa, CV-1, and 293 cells were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum, penicillin, and streptomycin at 37°C, 5% CO 2 . LnCAP and BCBL-1 cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 0.05 mM 2-mercaptoethanol, 1 mM sodium bicarbonate, 2 mM L-glutamine, penicillin, and streptomycin at 37°C, 5% CO 2 .
Plasmids. All DNA was from a KSHV lambda library derived from a KS lesion (37) unless otherwise indicated. pDD2 contains a 736-bp HindIII-BamHI fragment (nucleotides [nt] 122791 to 123527) comprising most of ORF72 in pBluescript II KS(ϩ) (Stratagene). pDD41 contains a 1,763-bp NcoI fragment (nt 127609 to 129370) cloned into the NcoI site of pGL3basic (Promega), and pDD43 contains the same fragment in the opposite orientation. pDD83 is derived from pDD41 by internal NheI deletion, leaving a 552-bp NcoI-NheI fragment (nt 127609 to 128159), and pDD53 (nt 127607 to 127910) was derived from pDD41 by an internal SmaI deletion. pML10 contains ORF71 (nt 122145 to 122711).
Induction of viral replication and RNA isolation. A total of 5 ϫ 10 6 BCBL-1 cells were induced with 20 ng of phorbol-12-tetradecanoate-13-acetate (TPA)/ ml, and RNA was isolated 48 h after TPA or mock treatment. Total cellular RNA was isolated with RNAzol (Tel-Test Inc., Friendswood, Tex.) and poly(A) enriched as previously described (16) .
cDNA isolation. A poly(dT)-primed cDNA library was constructed from induced and uninduced BCBL-1 cells in ZAP (Stratagene). Specific cDNA clones were isolated by hybridization with KSHV sequences from pDD2 (ORF72) and pML10 (ORF71), according to the manufacturer's procedures.
Northern blotting and hybridization. Northern blotting and hybridization have been described previously (16) . Briefly, RNA from BCBL-1 cells was poly(A) enriched with the Oligotex mRNA system (Qiagen, Inc.), run on a 1% formaldehyde gel blotted to Hybond membrane (Amersham), and hybridized overnight at 65°C in Church buffer (5) In situ hybridization. In situ probes for the latent transcripts were derived from pDD2 by in vitro transcription and hybridized to Kaposi's sarcoma tissue sections as described previously (32) .
RT-PCR. Total RNA (0.5 g) was reverse transcribed for 1 h at 42°C with 25 pmol of primer 7308 (5Ј-GCATTCCCGGGGGCGCCATC; nt 127279 to 127298) in order to identify the 5.8-kb transcript untranslated region (UTR), or primer 7208 (5Ј-GAAAAGGAGTCTGCCGCGGCATAGC; nt 123188 to 123212) in order to identify the 1.7-kb transcript UTR, in a 20-l reaction mixture containing 200 U of superscriptII reverse transcriptase and buffer (Gibco-BRL), 20 U of RNAsin (Promega), 5 mM dithiothreitol, and 125 M (each) deoxynucleoside triphosphate (Pharmacia). Two microliters of this reaction mixture was then added to 95 l containing 1 U of Taq polymerase and buffer (15 M MgCl 2 ; Perkin-Elmer), primer 7311 (5Ј-TCCTCGGGAAATCTGGTCT; nt 127297 to 127315) for the 5.8-kb UTR or primer 7208 and one of the following upstream primers: 1 (5Ј-TGTCTGAGAGCTCCCCCTTG; nt 127383 to 127401), 2 (5Ј-C TGGACTTGCCTAGGTAGCA; nt 127633 to 127614), 3 (5Ј-TTTCTCACGCC CGGATTATATATC; nt 127656 to 127633), 4 (5Ј-ATGGGTTATTGGCCGTT TCTG; nt 127677 to 127657), 5 (5Ј-TGTGTGGTGGTTTTCGAAAAAC; nt 127699 to 127678), 6 (5Ј-GGTGTACATGATTTGTGTTAAGG; nt 127722 to 127700), 7 (5Ј-AGCAGCAGCTTGGTCCGGCTG; nt 127844 to 127824), 8 (5Ј-TTGGAGGCAGCTGCGCCACGAAGC; nt 127883 to 127860), or 9 (5Ј-GCG GCGCCCGGGACAATC; nt 127919 to 127902). The amplification conditions were 30 cycles of 1 min at 94°C, 2 min at 58°C, and 2 min at 72°C, followed by 10 min at 72°C. All amplification products were cloned into pCR2.1 (Invitrogen) and sequenced.
5 RACE. 5Ј rapid amplification of cDNA ends (RACE) was performed on 10 g of BCBL-1 RNA with primers 7311 and 7308 according to the manufacturer's instructions (Boehringer Mannheim, Inc.). RACE products after two rounds of PCR under the conditions described above were cloned into pCR2.1 and sequenced. S1 nuclease assay. Hybridization (12 h) and S1 nuclease digestion (1 h) were performed at 28°C on 30 g of total BCBL-1 RNA or yeast RNA by using 3Ј-32 P-labeled oligonucleotide 7325 (5Ј-GACGTGACTGCTTCGTGGCGCAG CTGCCTCCAAATGATACACACAT; nt 127851 to 127896) and the S1-Kit (Ambion, Inc., Austin, Tex.) according to the manufacturer's procedures.
Promoter assays. Reporter DNA (2 g) was transfected into 3 ϫ 10 5 cells per 60-mm-diameter dish by using Lipofectamine (Gibco-BRL), and transfection efficiency was measured in each transfection by cotransfection of 500 ng of pSEAP encoding secreted alkaline phosphatase (SEAP) under control of the simian virus 40 (SV40) promoter-enhancer (Clontech). Transactivation was calculated as the mean of three separate experiments normalized to SEAP levels. SEAP and luciferase levels were determined by using chemiluminescent substrate in a Turner luminometer according to the manufacturer's instructions.
RESULTS

ORF71, -72, and -73 are transcribed during KSHV latency.
In KSHV the leftward-oriented ORF71, -72, and -73 are located immediately adjacent to each other, initiating at nucleotide positions 122710, 123566, and 127296, respectively ( Fig.  1 ) (throughout this report nucleotide numbers are according to Russo et al. [29] ). They are separated from the K12 locus by a 4-kb noncoding (intergenic) region. Just to the right of ORF73 lie the rightward-oriented ORFK14 (nt 127883 to 128929, encoding a putative OX-2 homolog) and ORF74 (nt 129371 to 130550, encoding a G-protein-coupled receptor homolog); these genes are transcribed in a bicistronic transcript that is regulated differently from the ORF71 to -73 transcription unit, being strongly upregulated during lytic growth (13a).
To characterize the transcription of ORF71, ORF72, and ORF73, RNA from the PEL cell line BCBL-1 was examined by Northern blotting with probes specific for the individual coding regions. BCBL-1 cells do not contain Epstein-Barr virus but harbor replication-competent KSHV. Upon treatment with TPA these cells undergo the complete program of KSHV gene expression, resulting, ultimately, in viral replication and the release of mature virions (26) . Poly(A) ϩ RNA was isolated from BCBL-1 cells 48 h after TPA or mock treatment. Hybridization with a 921-bp BamHI-SacI DNA fragment (nt 126474 to 127394) representing the 5Ј end of ORF73 identified a single transcript of approximately 5.8 kb. The levels of this transcript were similar in the presence or absence of TPA (Fig.  2 , lanes 5 and 6), in marked contrast to typical KSHV lytic transcripts, which are strongly upregulated by TPA (37) . Hybridization with a 737-bp BamHI-HindIII DNA fragment (nt 122791 to 123527) located within the coding region of ORF72 detected two transcripts of approximately 5.8 and 1.7 kb (Fig.  2, lanes 3 and 4) . As with the ORF73 probe, the level of the 5.8-kb transcript was unaffected by TPA. The smaller, 1.7-kb transcript was modestly increased by TPA. However, this induction was small compared to that of typical KSHV lytic genes and varied in extent from experiment to experiment, typically in the range of two-to fourfold over the uninduced level (the samples shown in Fig. 2 show an induction ratio at the upper end of what we usually observe). To verify that all transcripts encompassing ORF72 had the same polarity, the blots were rehybridized with a single-stranded antisense RNA probe, which yielded an identical pattern while a sense probe detected no signal (data not shown). Hybridization with a 567-bp DNA fragment (nt 122145 to 122711) specific for ORF71 detected transcripts of 5.8 and 1.7 kb and no additional, smaller species (Fig. 2, lanes 1 and 2) . The 5.8-kb transcript was again detected by this probe, which also showed it to be unaffected by TPA, while the 1.7-kb transcript was marginally upregulated. All filters contained equivalent amounts of poly(A) RNA, as evidenced by hybridization with a GAPDH (glyceraldehyde-3-phosphate dehydrogenase) probe (Fig. 2) .
The patterns of hybridization shown in Fig. 2 establish that the 5.8-kb RNA contains ORF-73, -72, and -71 and is the likely mRNA for ORF73, given that this ORF is its most 5Ј coding region and that its AUG is in a favorable context for translational initiation (15) . The 1.7-kb transcript spans ORF72 and -71 and is the presumed mRNA for ORF72, encoding the viral cyclin (2, 4, 17) . No other messages were consistently identified with this assay, suggesting that the 5.8-and 1.7-kb messages represent the major latent messages in this region.
In situ hybridization analysis. To exclude the possibility that the RNA hybridization signals described above emanated solely from the 2 to 4% of cells within the BCBL-1 population known to undergo spontaneous lytic replication, the BCBL-1 cells were analyzed by in situ hybridization with an ORF72-specific probe (which would detect all the transcripts from this gene cluster). Using an ORF72 antisense riboprobe, a signal was detected in Ͼ40% of the cells prior to TPA treatment (data not shown). It is likely that an even higher percentage of the cells express the RNAs at levels below the detection threshold of our in situ analysis, since virtually all nuclei in this population stain for LANA (12) ; in any case, the large number of positive cells prior to TPA induction excludes the possibility that these messages are only expressed in lytic infection.
Next, by examining sections of primary KS tumors, we investigated the more important question of whether this cluster is expressed in latently infected KS tumor cells. As shown in Fig. 3A and D, the majority of spindle cells in KS express detectable transcripts spanning ORF72; this pattern is virtually identical to that observed with probes spanning ORFK12 ( Fig.  3B and E) , previously characterized as a latent RNA (32) , and agrees well with similar recent findings of Davis et al. (6) . However, the exposure time to detect a comparable signal for the ORF72 probe was twice as long, suggesting that these latency transcripts are much less abundant than the ORFK12 transcript (a finding that accords well with our earlier cDNA analysis [37] ). By contrast, the hybridization signal of a wellcharacterized lytic message (nut-1) was restricted to a small subset of cells ( Fig. 3C and F) . No signal was detected after hybridization with an ORF72 sense probe (data not shown). Fig. 4] ) and various upstream primers (primers 1 to 9 [ Fig. 4] ). All primers up to and including primer 8, but not the more distal primer 9, yielded amplification products identical in size to the control PCR products derived by amplifying viral genomic DNA (Fig. 4, top) . Amplification was dependent on reverse transcriptase, and the amplified product corresponded to the 5Ј UTR region of ORF73, as determined by DNA hybridization (Fig. 4, lower gel panel) as well as cloning and sequencing (data not shown). This demonstrated the presence of an unspliced 5Ј UTR and located the 5Ј end of the RNA between primers 8 and 9. The exact transcription initiation site was determined by 5Ј RACE, which yielded five clones terminating at nt 127881 (three clones), 127885, and 127886. This initiation site was independently confirmed by S1 nuclease protection (Fig. 5) . BCBL-1 RNA, 30 and 15 g, was hybridized at 28°C to a 46-mer oligonucleotide (7325; see Materials and Methods for the sequence) (Fig. 5, lane 1) spanning the region between primers 8 and 9. Following S1 nuclease digestion, fragments of 30, 31, 34, and 36 nt were protected (Fig. 5, lanes 2 and 3) . No specific fragment was protected after hybridization and S1 nuclease digestion with nonspecific RNA (Fig. 5, lane 4) . These bands are consistent with the RACEpredicted initiation sites within nt 127880 to 127886 and exclude the possibility that the ends mapped in the RACE reaction were artificially generated by premature termination by reverse transcriptase.
In addition to the full-length unspliced 5Ј UTR, RT-PCR with primer 7 also amplified a smaller product (Fig. 4 , RTϩ, lane 7). Cloning and sequencing identified this band as emanating from an alternatively spliced message lacking nt 127477 to 127813, which are framed by consensus donor and acceptor splice signals (Fig. 4) . Notably, an identical splice has also been observed in a single partial cDNA clone bearing ORF73 coding sequences (23) . The entire intron is located in the 5Ј UTR of the RNA; hence, the alternative splice does not affect the coding information for ORF73. Based on the KSHV sequence, the exact size of the unspliced RNA is 5,814 nt and that of the spliced RNA is 5,478 nt, a difference that might be expected to be resolved by Northern blotting. However, our Northern blots detected only a single band in this region, with a size of ca. 5.8 kb (Fig. 2) . Since small products should be amplified more efficiently than longer ones when common primers are employed, the lower copy number of the smaller RT-PCR product indicates that its spliced RNA template must be substantially less abundant than that of the cognate unspliced RNA. This presumably explains why it was not detected by Northern blotting. (The failure to detect this species by RT-PCR with primer 8 can also be explained: it is due to the fact that the start sites of the RNA map within the sequence of this primer, impairing annealing to the oligonucleotide.)
The 1.7-kb ORF72 mRNA is also derived by splicing from the latent promoter. To determine whether the 1.7-kb latent transcript might also be derived by alternative splicing from a common pre-mRNA, RT-PCR was performed with downstream primers located within ORF72 (primers 7208 and 7207) and primer 7 upstream of the ORF73 alternative splice donor (Fig. 4) . Four independent clones were isolated and sequenced; these revealed a 4,037-nt splice (nt 127813 to 123776) which removes the entire ORF73 coding region. This predicts a 1,777-nt transcript in which the same splice donor site (nt 127813) used in the ORF73 transcript is fused to an alternative splice acceptor (at nt 123776), some 209 nt 5Ј to the AUG for ORF72 (encoding v-cyclin). The predicted size of this RNA is in excellent agreement with the size of the RNA observed by Northern blotting (Fig. 2) .
Two hundred fifty base pairs upstream of the ORF73 start site suffice to drive reporter gene expression. The region 5Ј to the start sites of the 5.8-kb transcript was scanned for recognizable cis-acting elements characteristic of pol II promoters. No canonical TATA box was identified by using a variety of pattern-matching programs; the presence of multiple 5Ј ends in the RNA is consistent with this finding, since TATA-less promoters typically display such degeneracy in their initiation sites. The region upstream of nt Ϫ30 contains numerous predicted transcription factor binding sites, including recognition elements for SP-1, CAAT, NF1, Oct-1 and GATA family member binding sites (Fig. 6) .
To see if this region could function as a promoter in a heterologous context, DNA fragments from the region were cloned into a promoterless luciferase reporter construct (pGL3basic) and assayed for promoter activity by transient transfection of 293 cells (Fig. 7) . (293 cells were chosen because of evidence that they are at least semipermissive for KSHV infection [7, 24] .) Luciferase activity was determined as the mean Ϯ standard deviation of three independent transfections, each normalized for transfection efficiency with a SEAP reporter (pSEAP) as the internal standard. A 1,763-bp NcoINcoI fragment (pDD41; nt 127609 to 129370) with the ORF73 start site facing the luciferase gene resulted in a 79-Ϯ 12-fold increase in luciferase expression, while the same DNA in the opposite direction (pDD43) did not register significant activity above background (2.4-Ϯ 0.3-fold compared to 0.5-Ϯ 0.1-fold for the promoterless vector alone). A reporter construct containing a shorter, 552-bp NcoI-NheI fragment (pDD83; nt 127609 to 128159) had essentially the same activity (72-Ϯ 5-fold above background), while a 303-bp NcoI-SmaI fragment (pDD53; nt 127607 to 127910) extending only 30 bp upstream of the ORF73 transcription initiation site was inactive (1.6-Ϯ 0.2-fold) (Fig. 7) . For purposes of comparison, in the same series of transfections the SV40 minimal TATA and initiation element (without the SV40 enhancer, pGL3SV40) had an activity of 14 Ϯ 3. Qualitatively similar results were obtained in other cell lines: LnCAP, which is semipermissive for KSHV infection, and HeLa and CV-1, which are nonpermissive (24) . This localizes the minimal ORF73 promoter to a 250-bp region between nt 127910 and 128159 of KSHV (Fig. 7) .
DISCUSSION
This report describes the characterization of 5.8-, 5.5-, and 1.7-kb latent KSHV mRNAs capable of encoding at least the products of ORF73 and -72. These messages are transcribed at low-to-moderate levels in the absence of TPA and are poorly inducible by that compound. This transcription unit is directly adjacent to another latently expressed region of the genome, that surrounding ORFK12. We do not know if the clustering of these latency-associated genes into a contiguous region of the genome has regulatory or evolutionary significance. In KS tumors, both the K12 region and ORF73-ORF72 RNAs are present in the majority of the spindle cells of the tumor. However, the regulation of the K12 locus differs from that of the ORF73-ORF72 cluster in that it is directed by independent promoter elements that display a high basal level of activity and strong upregulation by TPA. In fact, work by us (11, 37) and others (30) shows that the ORF73-ORF72 cluster is the only region of the genome that displays its characteristic pattern of significant basal activity and poor inducibility by TPA. We anticipate that additional latent genes remain to be discovered, but most of these will likely have more complicated transcriptional phenotypes than those described here: for example, low or variable basal expression with significant induction by TPA. Such genes can be confused with lytic-cycle genes when analyzed in biochemical experiments on cell populations; single-cell analysis by in situ hybridization or immunohistochemistry will likely be required for their proper characterization.
Although the RNA structures defined here identify the likely templates for translation of ORF73 and -72, we have been unable to identify monocistronic transcripts for ORF71, which encodes a viral protein posited to be involved in the prevention of apoptosis (34) . No RNA of the proper size is evident in Northern blots with ORF71-specific probes (Fig. 2) . It remains possible that the product of ORF71 is encoded by a rare, independently initiated monocistronic RNA that is below the detection threshold of our analytical procedures; alternatively, it may be that the 1.7-kb mRNA may be functionally bicistronic. Experimental tests of the latter possibility are under way.
The structures of the transcripts described here are strongly predictive of the expression of LANA and v-cyclin in PEL and KS tissues. (Indeed, LANA protein expression is known to occur in PEL cells.) The function of LANA is unknown, though its nuclear location and many acidic repeats suggest that it might be a modulator of transcription. Alternatively, it could serve an EBNA1-like function in viral plasmid maintenance and/or other as-yet-undiscovered functions. The identification of v-cyclin (encoded by ORF72) as the product of a latently expressed gene is particularly noteworthy, given the strong association of latent KSHV infection with several human neoplasms (KS and PEL). Others have shown that the KSHV cyclin gene can associate with and activate cdk6, overcome an Rb-mediated growth arrest, and cause the activity of cdk6 to become resistant to inhibition by known cdk inhibitors (9, 17, 33) . Moreover, deregulated cellular D-type cyclins are strongly and specifically linked to several forms of human cancer (21) . The finding that this gene is a part of the viral latency program, which in other gammaherpesviruses includes key genes affecting growth deregulation, strongly suggests an important role for its product in KSHV-related proliferative syndromes.
